Introduction 55
Aggressive periodontitis, formerly called early onset periodontitis or juvenile 56 periodontitis, has an early onset and runs in the patient's family (Nishimura et al., 1990; 57 Trevilatto et al., 2002; Llorente, 2006) . This disease is characterized by the loss of many teeth 58 due to rapid periodontal tissue destruction, with no evident symptoms in other tissues. The 59 prevalence of this disease is 0.1%-0.2% in Caucasians, 0.4%-1.0% in Asians, and 1.0%-60 3.0% in African Americans (Albandar, 2000) . It has been indicated that neutrophil 61 abnormalities lead to the onset of the disease because they allow for bacterial growth, which 62 6 apoptotic cells were higher in number in these patients' setting (data not shown). Interestingly, 99 detailed flow cytometric analysis indicated many CD34 + HSPCs in patients' peripheral blood 100 (CD34 + HSPCs/ CD45 + cells accounted for 3.3 % in patient III-2, 1.7 % in patient and 101 0.08 % in age-matched healthy subject) ( Fig. 2B) , which is only transiently seen when 102 peripheral blood is mobilized by granulocyte colony stimulating factor (G-CSF) and 103 high-dose of chemotherapy or plerixafor. However, this condition seen in patients' peripheral 104 blood was persistent rather than transient. Moreover, neutrophil chemotaxis, assessed by 105 stimulation with N-formyl-methionyl-leucyl-phenylalanine (fMLP), was also decreased in the 106 analyzed patients when compared to that of age-matched healthy subjects (Fig. 2C ). 107 7 the Integrative Japanese Genome Variation Database (database for 7,108 allele number), 123
Human Genetic Variation Database (database for 2,416 allele number), or East Asian 124 Database (database for 19,530 allele number, allele frequency; 0.000), but it was found in 8 125 alleles in European (database for 128,298, allele frequency; 0.00006235) and in 2 alleles in 126
Latino populations (database for 35,374, allele frequency; 0.00005654) by Genome 127 Aggregation Database. Therefore, this mutation is rare, but it exists. 128
Cellular localization of MMD2 protein 129
Immunohistochemical studies were performed to examine the subcellular localization 130 of MMD2 protein. Although human MMD2 protein localization is restricted to the Golgi 131 apparatus when overexpressed (Jin et al., 2012) , in our study we observed its presence in the 132
Golgi apparatus even in a steady state, colocalizing with the Golgi marker 3E) in neutrophil-like HL-60 cells. MMD2 is known as an integral membrane protein with its 134 N-terminus facing the cytosol and seven transmembrane (TM) regions (Tang et al., 2005) . 135
Specifically, the MMD2 A116V mutation was localized in TM3 ( Fig. 3F ). 136
Mouse model 137
The exact function of MMD2 has not been elucidated. Therefore, we created a 138 knock-in mouse model (Mmd2 A117V/A117V mice) carrying an amino acid substitution in Mmd2, 139 which corresponded to the A116V mutation observed in the MMD2 human gene. Platinum 140
TALENs were designed to generate a double-stranded break near the targeted nucleotide 141 c.347C>T in exon 4 of Mmd2 gene (Fig. 4A ). The target template for homologous 142 recombination was constructed (Fig. 4B ). The 25 bp oligonucleotide contained 4 single 143 nucleotide differences, including the nonsynonymous C>T substitution encoding the mouse 144 A117V mutation and a synonymous change that introduced a PstI site (Fig. 4C ). The genome 145 editing of the targeted nucleotide mutations resulted in five random deletions and one indel, 146 as the 5 bp, 7 bp, and 11 bp deletions produced frameshift mutations. We used the mice with 147 7 bp deletions in Mmd2 as the knock-out mice (Mmd2 -/mice) ( Fig. 4D and Fig. 4E ). 148
Mmd2 mutation causes severe alveolar bone loss 149
Whether severe periodontitis was induced in Mmd2 A117V/A117V and Mmd2 -/mice was 150 investigated using the common ligature-induced periodontitis model (Abe, 2013) . Alveolar 151 bone was only markedly absorbed at the time of inflammation in both Mmd2 A117V/A117V and 152
Mmd2 -/mice, compared to wild-type (Mmd2 +/+ ) mice (Fig. 5A ). The degree of alveolar bone 153 loss was statistically higher in Mmd2 A117V/A117V , Mmd2 A117V/+ , and Mmd2 -/mice, than in 154
Mmd2 +/+ mice (p = 0.01) ( Fig. 5B ). 155
Mmd2 mutation causes abnormal differentiation of granulocytes 156
We also examined whether the differentiation of HSPCs to granulocytes was prevented 157 in Mmd2 A117V/A117V and Mmd2 -/mice. Blood parameters were analyzed to determine whether than that in Mmd2 +/+ mice (Mmd2 A117V/A117V mice: p = 0.006 and Mmd2 -/mice: p = 0.03) ( Fig.  162 6A). To test whether this decrease in granulocyte numbers was associated with the 163 differentiation ability of HSPCs, we examined the colony-forming ability of bone marrow 164 cells in Mmd2 A117V/A117V and Mmd2 -/mice. Stimulation with interleukin (IL)-3, granulocyte 165 and macrophage colony stimulating factor (GM-CSF), and macrophage colony stimulating 166 factor (M-CSF) indicated an abundance of early myeloid or monocytic precursor cells in granulocytic precursor cells decreased in the bone marrow of Mmd2 A117V/A117V and Mmd2 -/-171 mice. Moreover, neutrophil chemotaxis, assessed by stimulation with fMLP, also decreased in 172
Mmd2 A117V/A117V and Mmd2 -/mice compared with that in Mmd2 +/+ mice (Fig. 6C ). 173
Thus, severe alveolar bone loss and abnormal differentiation of granulocytes in both 174
Mmd2 A117V/A117V and Mmd2 -/mice strongly suggested that MMD2 mutation in our patients 175 could be the cause of aggressive periodontitis with neutropenia. 176
Discussion 178
Study of subjects from a Japanese family indicated that MMD2 gene was involved in 179 autosomal dominant aggressive periodontitis. Our findings strongly suggested that MMD2 180 gene was involved in the differentiation and function of neutrophils and that the presence of 181 mutations in MMD2 reduced the protective response to chronic bacterial infection. In patients 182 with mutations in MMD2 gene, HSPCs cannot differentiate into granulocytes and thus they 183 may leak from bone marrow into peripheral blood. MMD2 mutation was also associated with 184 a decrease in neutrophil numbers and dysfunction, leading to severe periodontal destruction. 185
Neutrophil abnormalities are also found in severe congenital neutropenia (SCN). SCN, 186 which poses a severe risk of infection since neonatal age, originates as a result of mutations 187 in one of several different genes (Lanciotti et al., 2009; Lundén et al., 2009; Klein et al., 188 2007; Karsunky et al., 2002; Person et al., 2003; Boztug et al., 2009 ). These genes also play a 189 role in the differentiation and function of neutrophils that are produced in the bone marrow. 190 SCN has been shown to cause severe periodontal tissue destruction in addition to systemic 191 infection, while aggressive periodontitis patients with mutations in MMD2 are healthy but 192 have localized infections in the oral cavity. This study showed that neutrophil abnormalities 193 were important for the development of periodontal disease, because periodontal tissue was 194 destroyed even if the neutropenia was mild. Additionally, aggressive periodontitis with 195 MMD2 mutation was considered to belong to the same spectrum of SCN due to a common 196 mechanism that leads to abnormal number and function of neutrophils. 197 At present, symptomatic treatment is given for aggressive periodontitis; however, it 198 does not fully recover the periodontal tissue. There are reports of SCN patients with absolute 199 neutrophil counts normalized by G-CSF who still have severe periodontitis (Putsep, 2002; 200 Carlsson et al., 2006) . Therefore, the level of absolute neutrophil count normalized by 201 G-CSF is not enough to maintain normal oral health in these patients. A more detailed 202 examination of the immune response for aggressive periodontitis caused by MMD2 mutation 203 may lead to the development of a new treatment alternative to not only aggressive 204 periodontitis caused by MMD2 mutation but also to periodontitis in general. 205 MMD and MMD2 are two members of the progestin and adipoQ receptor family (Tang 206 et al., 2005) . As its name suggests, MMD is involved in macrophage activation and may 207 increase the production of TNF-α and nitric oxide in lipopolysaccharide-stimulated 208 macrophages through ERK1/2 and Akt phosphorylation (Liu et al., 2012) . A genome-wide 209 association study in patients with Crohn's disease (CD) identified MMD2 as a CD-related 210 gene (Montero-Melendez, 2013) . CD is an inflammatory disease due to abnormal immune 211 reaction to many commensal bacteria in genetically susceptible individuals. Thus, MMD2 212 gene may be involved in the immune response system to chronic bacterial infection. 213
Therefore, in presence of the MMD2 mutation and harmful bacteria, diseases in the intestine 214 and the oral cavity are likely to develop. 215
Additionally, identification of MMD2 may allow to differentiate between chronic and 216 aggressive periodontitis, as until today there is a controversy about whether chronic and 217 aggressive periodontitis should be classified or not as the same type of periodontitis. As a 218 conclusion, our study highlighted the influence of mild immune system defects on the onset 219 of aggressive periodontitis, which should be considered during the diagnosis of the disease. 220
Furthermore, the study of mild neutropenia and related diseases may attract the attention of 221 the medical field other than periodontology and lead to the development of new diagnostic 222 and therapeutic methods. 223
Materials and Methods 224

Study family 225
This study was approved by the Human Subjects Committees of Hiroshima University. 226
Written informed consent was obtained from all subjects. All affected individuals were 227 diagnosed with aggressive periodontitis according to periodontal and X-ray examinations. 228
Blood was collected from the four affected and the four unaffected individuals in this family 229 for genetic analyses. Also, blood and bone marrow samples were collected from III-2 and 230 III-4 patients, and FACS analysis, chemotaxis assay, and CT imaging were performed. 231
Differentiation of human CD34 + HSPCs into granulocytes 232
overnight. MMD2 and golgin-97 proteins were detected after incubation with Alexa 274
Fluor-594 rabbit anti-donkey IgG and Alexa Fluor-488 mouse anti-donkey IgG secondary 275 antibodies, respectively. Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI). 276
Fluorescence signals were detected with Olympus Fluoview FV1000 laser scanning confocal 277 microscope (Olympus, Tokyo, Japan). 278
Generation of mouse model using Platinum TALEN gene editing 279
Mice carrying the Mmd2 A117V variant were generated using the TALEN gene editing 280 tool. The TALEN pair that showed a high targeting efficiency and low off-target effects was 281 used for in vitro transcription by using the MEGAscript T7 Transcription Kit (Thermo Fisher 282 Scientific, Yokohama, JAPAN). TALEN mRNAs were combined with the ssODN construct 283 and injected into pronuclei of C57BL/6 single cell mouse embryos. We then backcrossed 284
Mmd2 A117V/A117V and Mmd2 -/mice with C57BL/6 mice for eight generations. 285
Ligature-induced periodontitis 286
Periodontal inflammation and bone loss in a ligature-induced periodontitis model was 287 initiated by the abundant local accumulation of bacteria on ligated molar teeth. To this end, a 288 5-0 silk ligature was tied around the maxillary second molar in 8-week-old male mice. The 289 distance between cement-enamel junction and alveolar bone crest was examined at 7 days 290 after placement of the ligatures. 291
Colony formation assays 292
Mouse bone marrow cells (2.5×10 4 ) suspended in methylcellulose semisolid medium 293 (Methocult M3231) (Stem Cell Technologies) were plated in 35-mm culture dishes in the 294 presence of 0.5 % FBS, 10 ng/mL mouse G-CSF, 10 ng/mL mouse GM-CSF, 10 ng/mL 295 mouse M-CSF, and 10 ng/mL mouse IL-3 (BioLegend, San Diego, CA, USA). 296 297 298
Statistical analysis 299
The results are expressed as the mean ± standard deviation. Statistical differences 300 between the mean values of the control and experimental groups were analyzed by using 301
Student's t test. Those p-values ≤ 0.05 were considered statistically significant. 302 
